2 Activity in sensory cortical networks reflects both peripheral sensory input and intra-and intercortical network input. How sensory cortices balance these diverse inputs to provide relatively stable, accurate representations of the external world is not well understood. Furthermore, neuromodulation could alter the balance of these inputs in a state-and behavior-dependent manner. Here, we used optogenetic stimulation to directly assay the relative strength of bottomup (olfactory bulb) and top-down (lateral entorhinal cortex) synaptic inputs to piriform cortex in freely moving rats. Optotrodes in the piriform cortex were used to test the relative strength of these two inputs, in separate animals, with extracellular, monosynaptic evoked potentials. The results suggest a rapid state-dependent shift in the balance of bottom-up and top-down inputs to PCX, with enhancement in the strength of lateral entorhinal cortex synaptic input and stability or depression of olfactory bulb synaptic input during slow-wave sleep compared to waking. The shift is in part due to a state-dependent change in cholinergic tone as assessed with fiber photometry of GCaMP6 fluorescence in basal forebrain ChAT+ neurons, and blockade of the state-dependent synaptic shift with cholinergic muscarinic receptor activation.
3 norepinephrine (NE) than their counterpart synapses in Layer Ia [21] [22] [23] . For example, activation of pre-synaptic ACh muscarinic receptors on Layer Ib fibers induces synaptic depression, but has little or no effect on pre-synaptic release from Layer Ia fibers 21 . In addition, Layer Ib but not Layer Ia synapses express pre-synaptic GABA B receptors, which allows GABAergic presynaptic modulation of intra-and inter-cortical inputs to PCX but not of olfactory bulb inputs 24, 25 .
Together, these findings suggest a differential regulation of Layer Ia and Ib/III inputs based on context, internal state and past experience.
In accord with the concept of sensory afferent (Ia) -top down (Ib/III) balance, indirect functional connectivity assays, such as local field potential coherence 26 and functional MRI 27 suggest a shift in net connectivity from the olfactory bulb to neocortical structures as rodents shift from waking/fast-wave state to sleeping/slow-wave state. It has been hypothesized that this shift may be critical for sleep-dependent odor memory consolidation. In fact perfusion of the PCX with the GABA B agonist baclofen during post-training sleep and memory consolidation, which depresses layer Ib synapses 24, 25 , impairs accurate odor memory 25 .
Here, we more precisely explore the state-dependent shift in PCX layer Ia and Ib/III balance by using a direct assay of synaptic connectivity. Specifically, we used optogenetic activation of identified inputs to layers Ia (i.e., olfactory bulb CAMKII-expressing mitral/tufted cells) and Ib/III (i.e., CAMKII-expressing lateral entorhinal cortical [LEC] neurons) within the PCX in awake, freely moving rats as they naturally cycled between sleep and waking states as assessed with local field potentials. The optical stimulation allowed induction of monosynaptic extracellular evoked potentials that varied in strength in a state-and ACh-dependent manner.
The results suggest a rapid and robust state-dependent shift in the balance of bottom-up and top-down synaptic inputs to PCX.
Results
An example of the laminar separation of OB and top-down inputs to PCX is shown in Fig.1 where CAMKII-YFP virus labels OB inputs to the PCX and CAMKII-mCherry labels topdown inputs to the PCX. All other rats had virus in either OB or LEC, not both. Data from a total of 6 rats with AAV-ChR2 transfections targeting CAMKII expressing cells in the LEC and 9 different rats with transfections targeting CAMKII expressing cells in the main OB (4 chronic recordings and 5 urethane anesthetized recordings) are included here. In both cases, optotrodes were implanted in the PCX to record either top-down (LEC->PCX) or bottom-up (OB->PCX) extracellular, light-evoked synaptic potentials (EP's). Light-evoked PCX EP's were recorded in either the rat's home cage or in a Plexiglas circular arena lined with standard 4 bedding to which the animal had been habituated. Recording sessions lasted 1-4 hrs. primarily during the light phase of the light-dark cycle, during which time the animals naturally cycled between sleep-wake states. Light-evoked EP's were triggered in the PCX at 0.05Hz throughout the recording session. This frequency of stimulation did not induce any detectable decrease in response amplitude over the course of the session (within a specific state).
A representative LEC infection is shown in Fig. 2A . Cells throughout all layers and their processes were labeled. Axons from these cells projected, among other places, to the PCX where they predominantly targeted layer Ib and to a lesser extent layer III. A 1 ms flash within PCX evoked both unit firing ( Fig. 2B ) and an extracellular EP in PCX. The EP could reverse polarity from positive to negative as the optotrode moved from layer III to I, respectively, as is similar to electrically evoked potentials 28 . Given the size of our electrodes, the majority of recordings did not allow isolation of unit activity, and thus no quantification was attempted. As LEC fiber EP's in the PCX increased in amplitude during slow-wave sleep (i.e., periods of LFP high delta power) compared to fast-wave states (i.e., periods of LFP low delta power) such as waking. Responses during REM appeared similar to those during waking ( Fig. 2D ), but the brevity and rarity of REM bouts precluded quantitative analysis of REM sleep effects here.
There was a significant, mean positive correlation between LEC->PCX EP amplitude and LFP delta band r.m.s amplitude across animals, with 6/6 animals showing individual positive correlations (individual r values converted to z-scores, significantly different from 0, t(5) = 2.52, p = 0.026).
In a subset of animals, LFP coherence between the PCX and LEC in the beta frequency band was assessed during the same recording session as the light-evoked EP's. The enhancement in the optogenetic assay of synaptic efficacy during slow-wave sleep bouts compared to waking was associated with an increase in PCX-LEC coherence (n=4, mean coherence during waking = 0.55± 0.13, during slow-wave sleep coherence = 0.63, t(3) = 2.43, p = 0.047), as previously described 26 . Similar results were observed in the delta band (0-4 Hz).
Thus, during slow-wave sleep, there is both an enhancement in coherence of activity in the LEC and PCX, and an enhancement in the efficacy of LEC fiber synapses within the PCX. recorded rats, as well as a group of urethane-anesthetized animals that also cycle between low delta and high delta states 29, 30 . The urethane-anesthetized animals were added since 1) urethane-anesthetized state-dependent changes in PCX odor responsiveness have been extensively examined in the past 29, 30 and 2) optogenetic responses appeared to show less variation during urethane anesthesia which may allow detection of small differences between states. The OB->PCX chronically recorded rats and the anesthetized rats showed the same state-dependent effects -2/4 chronically recorded animals and 3/5 anesthetized animals showed an individually significant negative correlation between EP slope and LFP delta amplitude. A one-way ANOVA across correlations (individual r values converted to z-scores) in all three groups revealed a significant effect (F(2,12) = 8.16, p = 0.006). Post-hoc Tukey tests revealed that the LEC->PCX correlation between delta amplitude and EP slope was significantly different from both the chronic and the urethane anesthetized OB->PCX pathways (p < 0.05).
One potential mechanism of this state-dependent modulation of synaptic input to the PCX is the state-dependent change in activity of basal forebrain cholinergic neurons projecting to the PCX and elsewhere 23, 31, 32 . ACh, via muscarinic receptors can pre-synaptically reduce glutamate release from intra-and inter-cortical axons in Layer Ib of the PCX 21 . Thus, during periods of low cholinergic release, such as slow-wave sleep, these intra-and inter-cortical fibers should be released from pre-synaptic inhibition.
In order to confirm state-dependent modification of ACh, we used fiber photometry of basal forebrain ChAT+ neurons using GCaMP6 in Long Evans-Tg(ChAT-Cre)5.1Deis rats injected with AAV1.Syn.Flex.GCaMP6s.WPRE.SV40 virus ( Fig. 5A ).
ChAT+ neurons responded to sensory inputs such as sound or odors (sampling 381Hz; Fig. 5B ), and showed strong state-dependent modulation (sampling 0.1Hz; Fig. 5C ). GCamP6 fluorescence in ChAT+ basal forebrain neurons (with variation in the control channel subtracted to remove potential movement artifacts) showed a negative correlation with LFP delta r.m.s. amplitude ( Fig. 5D and E). As LFP delta amplitude increased (NREM state), ChAT+ neuron activity decreased in 3 out of 3 rats (each animal showed a significant r value). The mean of z-score converted correlations was significantly different from 0 (t(2) =6.42, p = 0.023). The mean delta F during waking relative to NREM was 3.1%, a significant increase ( Fig. 5F ; t(2) = 4.49, p = 0.046). Thus, 6 activity of ChAT+ neurons increases during waking and decreases during NREM, providing a potential mechanism of state-dependent synaptic modulation of inputs to PCX.
To test the role of ACh muscarinic receptors in the state-dependent synaptic changes, a subset (n=6) of the same animals described above were systemically injected with scopolamine (0.5mg/kg) or saline, and again allowed to freely cycle between sleep-wake states for 1-3 hours post-injection. EP data were collected beginning at least 30 min post-injection. As previously reported in humans 33 Fig. 6D ).
Discussion
The 12, 36 . Work on this hypothesis is ongoing.
The optically evoked potentials measured here resemble classic electrically evoked mono-synaptic potentials described in the PCX 16, 37 . Given that both olfactory bulb and topdown inputs can target pyramidal cell dendrites and inhibitory interneurons 16, 17, 38, 39 , the extracellularly recorded evoked potentials presumably reflect inputs to both cell classes.
Whether synapses on both classes of target cells show similar state-dependent modulation is not known, however, cholinergic synaptic modulation in this system can be pre-synaptic 21 The data presented here further emphasize that activity of basal forebrain cholinergic neurons fluctuates across the sleep-wake cycle ( Fig. 4 ; 50-52 ). Cholinergic projections to the PCX play a major role in pyramidal cell excitability 53 , synaptic plasticity 31, 54 , and odor memory and perception 23, 55 . The data here demonstrate that ACh also plays a critical role in statedependent synaptic connectivity between the PCX and top-down projections from the LEC. [60] [61] [62] . However, neuromodulatory changes in the strength of specific synaptic inputs, as shown here, could make subsets of synapses within a given pathway more or less susceptible to such homeostatic or experience-dependent changes 32 . This could even allow strengthening of some synapses 63 and weakening of others 62 during the same NREM episode, depending on the specific balance of pre-and post-synaptic excitation.
In summary, the results described here demonstrate that PCX networks function in a very dynamic state-dependent context of varying bottom-up and top-down inputs. These statedependent changes may include variation in regional activity levels, but also, as shown here, in the synaptic strength of inputs from these areas to the PCX. Impairments in these dynamic shifts could contribute to impaired odor perception and/or memory.
Methods
Long Evans hooded male rats were used as subjects. Animals were housed with ad lib food and water and a 12:12 hr light:dark cycle. Testing was performed during the light portion of the cycle. All procedures were approved by the NKI IACUC and were in compliance with NIH guidelines. slow-wave/non-rapid eye movement (NREM) sleep (high delta frequency band power) 34 . In some animals, EMG was used to identify REM bouts, though these were generally too short and infrequent to allow thorough analyses across animals with the stimulation paradigm used here.
Electrophysiology and optogenetics
In a subset of animals with olfactory bulb transfections, rather than being prepared for chronic recordings, the animals were anaesthetized with urethane (1.25g/kg), optotrodes implanted into the PCX and light-evoked responses obtained at 0.05Hz as described for the chronic recordings. Animals under urethane anesthesia display fast-wave/slow-wave cycling similar to waking NREM sleep cycles 29, 30 . The relationship between light-evoked response slope and delta power was analyzed as for the unanesthetized animals. 
Pharmacology
Finally, as an initial step toward understanding mechanism of state-dependent synaptic change, a subset of the animals used in other manipulations (LEC: n=6, OB: n=3) were injected systemically with scopolamine (0, or 0.5mg/kg; within animal design) and OB or LEC evoked potentials and state changes monitored for 2-3 hours post-injection as described above. In all cases, results were considered significant if the probability of the statistical test outcome was < 0.05.
Experimental Design and Statistical Analysis
The datasets generated during the current study are available from the corresponding author on reasonable request. 
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